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There is growing evidence that different species of mammalian herbivores are 
not equally vulnerable to tannins in plants and that types of tannins differ in their 
effects. Tannins in some plant species are presumed to affect nutrition adversely 
(see, e.g., McLeod 1974; Rhoades 1979; Swain 1979; Zucker 1983; Kumar and 
Singh 1984; Robbins et al. 1987a), and diet selection by some mammalian herbi- 
vores is inversely correlated with tannins (Provenza and Malechek 1984; Cooper 
and Owen-Smith 1985; Cooper et al. 1988). Conversely, certain tannin-producing 
plant species are nutritious (see, e.g., McLeod 1974; Bernays and Woodhead 
1982; Robbins et al. 1987b; Nunez-Hernandez et al. 1989) and are readily ingested 
by mammalian herbivores (see, e.g., Shepherd 1971; Kufeld 1973; Kufeld et al. 
1973; Riggs et al. 1988). The factors underlying these differences are poorly under- 
stood (review in Bernays et al. 1989). 
In this article, we argue that some condensed tannins (CTs) are indeed feeding 
deterrents to mammalian herbivores, and we present experimental evidence that 
goats avoid the current season's twigs of blackbrush (Coleogyne ramosissima 
Roseaceae), because they contain such tannins. Moreover, our data show that 
goats learn to avoid blackbrush twigs containing high levels of CTs, apparently 
by associating the flavor of blackbrush twigs with aversive postingestive conse- 
quences. We argue that these adverse consequences are not related to digestion 
inhibition. We also argue that differences in CT structure and the manner 
in which CTs are bound with other cell constituents preclude generalizations 
about the role of CTs in diet selection and the nutrition of mammalian herbi- 
vores. 
We first present experimental evidence that goats learn through aversive post- 
ingestive consequences to avoid the current season's blackbrush twigs, which 
are high in CTs. We then show that goats learn to avoid otherwise palatable 
novel foods to which we have added purified CTs or lithium chloride. Finally, 
we develop hypotheses concerning the mechanisms that underlie the interaction 
between mammalian herbivores and plants that contain CTs. 
Am. Nat. 1990. Vol. 136, pp. 810-828. 
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TABLE 1 
INTAKE (IN GRAMS) OF CALFMANNA AND OLDER-GROWTH 
BLACKBRUSH BY ELEVEN YEARLING GOATS DURING THE FIRST 
FIVE DAYS OF EXPERIMENT I 
CALFMANNA OLDER GROWTH 
Day Offered Ingested Offered Ingested 
1 200 193 300 278 
2 150 145 500 478 
3 150 150 550 498 
4 150 150 650 623 
5 150 150 750 690 
EXPERIMENTS WITH GOATS AND BLACKBRUSH 
Blackbrush grows in dense stands on infertile soils in the transition zone be- 
tween the cold and hot deserts of the southwestern United States (Bowns and 
West 1976). It grows slowly in the absence of browsing, but removal of terminal 
buds by herbivores during the winter, when blackbrush is dormant, stimulates 
twig growth during the spring (Bowns and West 1976; Provenza et al. 1983a, 
1983b). The following winter, the current season's growth (CSG) of twigs and 
leaves on browsed plants is higher in nitrogen (1.04% vs. 0.74%) and more digest- 
ible in vitro in goat rumen fluid (48% vs. 38%) than are twigs and leaves from 
older growth (OG) of unbrowsed plants (Provenza et al. 1983a). However, goats 
prefer to eat OG of previously unbrowsed plants when allowed to choose between 
CSG and OG (Provenza and Malechek 1984, 1986). 
Experiment I 
Goats from shrub-dominated ranges in Texas strongly avoid blackbrush CSG 
when introduced to blackbrush-dominated ranges in Utah (Provenza and Ma- 
lechek 1984, 1986). However, we do not know whether goats avoid blackbrush 
CSG because of its (1) flavor, (2) aversive postingestive consequences, or (3) 
similarity to twigs in Texas that goats learn to avoid (Provenza and Malechek 
1986; Provenza et al. 1988, 1990). The objective of the first experiment was to 
determine whether or not blackbrush CSG was an acceptable food to goats naive 
to shrubs including blackbrush, and, if not, whether goats avoided blackbrush 
CSG because of its flavor or because of its aversive postingestive consequences. 
Methods.-The experiment involved 11 yearling goats (average body weight 
about 30 kg) that were naive to blackbrush but had foraged on grass pasture and 
alfalfa hay and pellets. The goats were penned individually. During the first 5 d, 
goats were offered calfmanna, a concentrate-based pellet high in protein (26%) 
and energy, and OG blackbrush (table 1). OG blackbrush was harvested daily 
and chopped into segments 1-3 cm in length. Our objective was to familiarize 
the goats with OG and to determine how much OG they would eat. During the 
next 5 d, goats received 150 g of calfmanna daily and were allowed to choose 
between CSG and OG offered in separate food boxes. The CSG and OG were 
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FIG. 1.-Voluntary intake of the current season's growth (CSG) and older growth (OG) of 
blackbrush and preference for CSG by goats during five consecutive days. The preference 
index (PI) is calculated as the amount of CSG ingested divided by the total amount of CSG 
and OG ingested. A PI of 0.5 indicates equal preference for CSG and OG; the PI for OG is 
calculated as 1 minus the PI for CSG. The standard error of a mean for voluntary intake is 
25 g and for a preference index is 0.03. Vertical bar, LSD.05, the least significant difference 
at P = .05. 
hand-harvested daily and chopped into segments 1-3 cm in length. Goats had 
access ad lib. to CSG and OG from about 0900 hours to 1700 hours daily. The 
statistical design for the ANOVA was a randomized block with food (CSG vs. 
OG) as the main effect and individual goats (n 11) as blocks. The experiment 
was repeated on several consecutive days (n = 5), which required use of a 
repeated-measures analysis (Winer 1971). 
Results.-After initially sampling CSG and OG, all goats fed actively on CSG 
for 4 to 5 h on day 1. As the day progressed, consumption of CSG declined, and 
consumption of OG increased. Goats ate somewhat less CSG than OG (271 vs. 
387 g; P < .05) by the end of day 1 but showed no difference (P > .05) in their 
preference (i.e., grams of CSG ingested divided by the grams of CSG + OG 
ingested) for CSG or OG (0.43 vs. 0.57). Throughout the remainder of the trial, 
consumption of CSG by goats declined and consumption of OG increased (fig. 
1). By day 5, goats ingested considerably less CSG than OG (125 vs. 590 g) and 
strongly preferred OG to CSG (0.82 vs. 0.18). Goats generally ingested all of the 
calfmanna. 
Intake of and preference for CSG varied among goats (P < .05). Nine goats 
decreased intake of CSG markedly on days 2 and 3, but two goats did not reduce 
intake until days 4 and 5. These two goats ingested large amounts of CSG com- 
pared with the other goats (376 vs. 166 g/d) and showed a much higher preference 
for CSG throughout he experiment (0.51 vs. 0.25). The goats were twins that 
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may possess physiological mechanism(s) enabling them to tolerate more CSGe If 
such a mechanism(s) existed, it would provide a basis for either natural or artifi- 
cial selection (Dove 1935; Freeland and Janzen 1974). 
Experiment 2 
Tannins occur commonly in both woody (about 80%) and herbaceous (about 
15%) dicotyledonous plant species (Bate-Smith and Metcalf 1957; Rhoades and 
Cates 1976) and have been a topic of great interest to ecologists studying plant- 
herbivore interactions. Theories involving plant antiherbivore chemistry consider 
CTs the prototypic quantitative plant defense, presumably because CTs deter 
feeding by herbivores by reducing the digestibility of plant tissues (see, e.g., 
Feeny 1976; Rhoades and Cates 1976; Rhoades 1979; Swain 1979; Bryant et al. 
1983; Zucker 1983; Coley et al. 1985). However, evidence documenting the deter- 
rent effects of tannins on the voluntary intake of foods by mammalian herbivores 
is correlative (Wilkins et al. 1953; Donnelly 1954; Hawkins 1955; Driedger and 
Hatfield 1972; Jones et al. 1976; Provenza and Malechek 1984, 1986; Cooper and 
Owen-Smith 1985; Cooper et al. 1988), and the purported adverse effects of tan- 
nins on dry-matter digestion in mammals have recently been questioned (Robbins 
et al. 1987b; review in Bernays et al. 1989). To establish deterrence of a specific 
secondary metabolite, that metabolite must be incorporated in an artificial diet 
(Reichardt et al. 1984, 1987). Thus, the second experiment sought to determine 
whether purified CTs from blackbrush CSG deterred feeding by goats, and, if so, 
whether goats avoided purified CTs because of flavor or because of aversive 
postingestive consequences. 
Methods.-The 4-yr-old goats (n = 12; average body weight about 60 kg) 
had foraged on rangeland dominated by blackbrush for about 2 mo before this 
experiment, and their diet probably contained more than 85% blackbrush 
(Provenza and Malechek 1984, 1986). During the first 5 d of the experiment, 
individually penned goats were offered older-growth blackbrush pellets (OGP) ad 
lib. During the next S d of the experiment, goats could choose between OGP and 
OGP to which purified CTs had been added (OGPT). The CTs, extracted from 
blackbrush CSG and purified according to the method of Hagerman and Butler 
(1980), were added to OGP in the concentration equal to their isolated yield from 
CSG (2.5%). The powdery CTs were applied as a coating to the outside of OGP 
moistened with water, because CTs are found primarily in the bark of blackbrush 
CSG (F. D. Provenza, unpublished data). The preference trials lasted for 30 min 
per day for 5 d and were conducted at about 0700 hours following an overnight 
fast. During daily trials, each goat was offered 200 g of OG and 200 g of OGPT. 
Both food boxes were removed if a goat ingested all of either OGP or OGPT 
before 30 min. Goats had free access to OGP until 1700 hours following daily 
trials. The statistical design (Winer 1971) for the repeated-measures (n = 5 con- 
secutive days) ANOVA was a randomized block with food (OGP vs. OGPT) as 
the main effect and individual goats (n = 12) as blocks. 
Results.-Purified CTs from blackbrush CSG deterred feeding by goats. Goats 
consumed less OGPT than OGP (26% vs. 51%; P = .019) during the 5-d trial. 
An interaction was suggested (P = .069) between food (OGPT vs. OGP) and day 
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FIG. 2.-Percentage of older-growth blackbrush pellets (OGP) and older-growth black- 
brush pellets coated with purified condensed tannins (OGPT) ingested by goats during 30 
min/d for five consecutive days. Means with different letters for each day are different; least 
significant difference (at P = .05). Standard error of a mean, 8%. 
of trial. Goats ate equal percentages of OGPT and OGP on day 1, but consumption 
of OGPT declined sharply on days 2 through 4. Intake of OGPT increased on day 
5 (fig. 2). 
Discussion.-Goats initially consumed similar amounts of CSG and OG (fig. 
1) and OGP and OGPT (fig. 2), which suggests that neither the flavor of CSG nor 
that of purified CTs from blackbrush CSG were inherently offensive to goats. 
Likewise, the low preference of goats for blackbrush CSG is apparently not 
related to astringency, because purified CTs from blackbrush CSG are less astrin- 
gent than those from bitterbrush CSG (Clausen et al. 1990), a food palatable to 
many mammalian herbivores (see, e.g., Shepherd 1971; Kufeld 1973; Kufeld et 
al. 1973; Riggs et al. 1988). Rather, consumption of CSG and OGPT declined 
after day 1, suggesting that postingestive distress began sometime during the first 
day of the trial. Goats associated this distress with CSG and OGPT, which were 
novel foods at the beginning of the feeding trials, and this association resulted in 
a conditioned flavor aversion (CFA) for blackbrush CSG and OGPT. 
Intake of blackbrush CSG by goats has been shown to be inversely correlated 
with CTs (Provenza and Malechek 1983, 1984). Here we have demonstrated that 
the avoidance of CSG by goats was caused by CTs. However, the goats' intake 
of OGPT increased on day 5 of experiment 2, while their intake of CSG declined 
steadily throughout experiment 1. We offer three explanations for this variation 
in the response of goats to blackbrush OGPT and CSG. 
CONDITIONED FLAVOR AVERSION 815 
The most likely explanation for the difference is that the amount of CT applied 
to OGP was much less than that found in CSG. The isolated yield of CTs (2.5%) 
was only 10% of that contained in the aqueous methanol extractables (25%), 
which are almost exclusively CTs (Clausen et al. 1990). Thus, isolated yields are 
a poor measure of CT concentration in blackbrush CSG because most of the 
lower-molecular-weight CTs, and a portion of the larger CTs, are lost during 
isolation and purification. Although it is possible that other secondary metabolites 
in blackbrush CSG may act synergistically (Berenbaum 1985; Kubo and Hanke 
1985) to strengthen the aversion of goats to CTs, we found no evidence that this 
was the case. The only other major secondary metabolite, found in the ether 
extract, was ursolic acid, which is a triterpene carboxylic acid. Ursolic acid was 
only mildly deterrent to goats fed OGP (PI = 0.39 + 0.09; preference index ? 
95% confidence interval), whereas compounds extractable in aqueous methanol 
were highly deterrent o goats fed OGP (PI = 0.18 + 0.09). When goats were fed 
OGP containing both ether- and methanol-extractable compounds, their prefer- 
ence for OGP increased numerically (PI = 0.23 ? 0.09), though not significantly 
(P > .05). Collectively, these data suggest that the response of goats was caused 
by differences in the concentration of CTs between OGPT and CSG, not by 
synergisms between different compounds in blackbrush CSG. 
Another explanation for the increased intake of OGPT on day 5 is that goats 
may possess mechanisms that enable them to adapt to purified CTs. For example, 
the size of goat parotid salivary glands and their production of proline-rich pro- 
teins may increase in response to diets high in tannins, as demonstrated for rats 
(Mehansho et al. 1983, 1987). Proline-rich salivary proteins apparently are a pri- 
mary defense of rats (Mehansho et al. 1983, 1987; Butler et al. 1986) and may 
serve the same function for herbivores such as goats (Robbins et al. 1987b; Austin 
et al. 1989) by forming tannin-protein complexes that presumably pass intact 
through the gastrointestinal tract. Alternatively, sheep may adapt to diets high in 
CTs (Barry 1985; Lowther and Barry 1985) by unknown mechanisms that appar- 
ently do not involve tannin-binding proteins (Austin et al. 1989). 
Finally, the increased intake of OGPT on day 5 may have occurred because 
goats were sampling OGPT to determine, from postingestive consequences, how 
much they could safely ingest. Herbivores such as goats have a strong propensity 
to sample foods, even those that cause internal malaise, and they apparently are 
able to determine the amount of such foods that they can ingest without suffering 
distress (reviews in Provenza and Balph 1987, 1988, 1990). For example, sheep 
sample foods that contain lithium chloride and apparently limit their intake just 
enough to prevent gastrointestinal distress (Thorhallsdottir et al. 1987; Burritt 
and Provenza 1989; du Toit et al. 1990). 
Experiment 3 
The last experiment evaluated the ability of goats to establish CFAs under 
conditions similar to those in experiments 1 and 2. In experiment 3 we used an 
otherwise nutritious food (alfalfa pellets [AP]) treated with lithium chloride (LiCl). 
LiCl has been used widely in psychological studies to induce CFAs (see Brave- 
man and Bronstein 1985). Lithium drugs are readily absorbed from the gastroin- 
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testinal tract into the blood and can be detected in the urine of sheep within 2 h 
of oral administration (Harrison et al. 1963). In humans, lithium causes nausea, 
diarrhea, and vomiting (Prien et al. 1971), but no overt signs of distress are 
apparent in sheep (Thorhallsdottir et al. 1987; du Toit et al. 1990). 
Methods.-Ten 4-yr-old goats (average body weight about 60 kg) could choose 
between a basal diet of AP and AP containing 2% LiCl and 5% sucrose (APLS). 
The preference trials lasted I h per day for 10 d and were conducted at about 
0800 hours following an overnight fast. During daily trials, each goat was offered 
half of its daily ad lib. intake as AP and half as APLS. Goats were offered AP 
ad lib. for 14 d before the start of this experiment. Goats were given free access 
to AP until 1700 hours following daily trials. The statistical design (Winer 1971) 
for the repeated-measures (n = 10 consecutive days) ANOVA was a randomized 
block with food (AP vs. APLS) as the main effect and individual goats (n = 10) 
as blocks. 
Results.-Goats sampled APLS on day I and increased intake on day 2 (fig. 
3). They decreased consumption of APLS on days 3 and 4, and their intake of 
APLS was generally stable for the remainder of the trial. 
Discussion. -Food neophobia is manifested when animals sample a novel food 
cautiously or when they associate postingestive distress with a novel food 
(Provenza and Balph 1988). Mammalian herbivores apparently ingest small 
amounts of novel foods initially, and gradually increase intake if the postingestive 
consequences are not aversive (Freeland and Janzen 1974; Rozin 1976; Chapple 
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and Lynch 1986; Chapple et al. 1987a, 1987b; Thorhallsdottir et al. 1987; Burritt 
and Provenza 1989). In addition, animals offered a meal of several familiar foods 
and a novel food associate aversive postingestive consequences with, and subse- 
quently avoid, the novel food (Burritt and Provenza 1990), even when the familiar 
food contains the poison (Camazine 1983; Burritt and Provenza 1989). In experi- 
ments 1, 2, and 3, goats could choose between a familiar and a novel food. Goats 
always associated illness with, and subsequently avoided, the novel food. 
Although our experiments give no indication of cautious sampling of OGPT by 
goats and little indication that goats sampled CSG cautiously, goats did sample 
APLS cautiously. Healthy animals, normally suspicious of novel foods, become 
eager to feed on such items when they experience nutritional deficiencies (Garcia 
et al. 1977), and inadequate nutrition may have caused goats to ingest large 
amounts of OGPT on day 1 of experiment 2. Goats consumed only 592 g of OGP 
per goat per day during experiment 2. The low intake, and the fact that OG 
blackbrush is low in nitrogen and poorly digestible (Provenza et al. 1983a), sug- 
gests that goats were not ingesting enough food to meet their daily nutritional 
requirements (National Research Council 1981). Their voluntary intake of alfalfa 
pellets in the 3 d immediately following the experiment (887 g/goat/d) was 50% 
higher than their voluntary intake of blackbrush pellets (592 g/goat/d) during the 
trial. Nutrition was adequate in experiments 1 and 3 (National Research Council 
1981). 
DEVELOPING WORKING HYPOTHESES 
Learning by Consequences 
Plant metabolites such as CTs deter herbivores from feeding on woody plant 
tissues, presumably because they interfere with digestive or metabolic processes. 
Thus, natural selection should favor feeding behavior that minimizes ingestion of 
CTs (Freeland and Janzen 1974; Rhoades 1979), and herbivores must either 
instinctively recognize or learn to avoid these metabolites (Chapman and Blaney 
1979; Provenza and Balph 1990). Instinctive responses presumably involve recog- 
nition of the secondary metabolite, and learned responses apparently involve 
association of the flavor of the plant tissue with aversive postingestive conse- 
quences. Browsers such as goats supposedly instinctively recognize and avoid 
plant tissues that contain CTs (see, e.g., Rhoades 1979; Cooper and Owen-Smith 
1985; Cooper et al. 1988), presumably because goats are browsers and most 
woody plants contain CTs (about 80%; Bate-Smith and Metcalf 1957; Rhoades 
and Cates 1976). However, many plants high in CTs are highly palatable (see, 
e.g., Shepherd 1971; Kufeld 1973; Kufeld et al. 1973; Riggs et al. 1988; Nunez- 
Hernandez et al. 1989), and the diverse array of CT structures (Zucker 1983; 
Clausen et al. 1990) and food flavors makes it unlikely that goats can instinctively 
recognize and avoid plants that contain CTs (Provenza et al. 1988; Provenza and 
Balph 1990). Thus, we argue that goats learn to avoid blackbrush CSG because 
of internal malaise, not because of the flavor of CTs. Our results support this 
hypothesis and are consistent with previous studies of CFAs in ruminants (see, 
818 THE AMERICAN NATURALIST 
e.g., Zahorik and Houpt 1977, 1981; Olsen and Ralphs 1986; Burritt and Provenza 
1989, 1990; Thorhallsdottir et al. 1990a, 1990b, 1990c) and with our experiment 
using LiCl as a cause of postingestive distress in goats. 
Learning is important in plant-herbivore interactions (Lindroth 1988; Provenza 
and Balph 1990; Provenza et al. 1990). CFAs occur with a diverse array of com- 
pounds (Riley and Tuck 1985), in species as phylogenetically and ecologically 
diverse as garter snakes and tiger salamanders; quail, blackbirds, blue jays, and 
crows; rats, opossums, and mongooses; coyotes and timber wolves; goats, sheep, 
and cattle; and olive baboons and humans (see reviews in Rozin 1976; Barker et 
al. 1977; Garcia et al. 1977; Zahorik and Houpt 1977, 1981; Braveman and 
Bronstein 1985; Provenza et al. 1990). Some argue that the process is similar in 
all animals (Garcia et al. 1985; Garcia 1989). 
CFAs occur when animals learn to avoid a particular food (conditional re- 
sponse) by associating its taste (unconditional stimulus) with aversive postinges- 
tive feedback (Garcia and Holder 1985; Garcia et al. 1985; Garcia 1989; Provenza 
et al. 1990). Negative feedback, presumably caused by any compound that pro- 
duces nausea, reduces the hedonic value of the food. For example, some animals 
readily accept sweet tastes and reject bitter ones, which suggests that the tastes 
are unconditional stimuli signifying nutrients and toxins, respectively (Garcia and 
1-ankins 1975, 1977). However, the hedonic value of these tastes can be reversed 
by a single pairing of sweet taste with negative gastrointestinal feedback or bitter 
taste with nutritive feedback (Garcia and Holder 1985). In the case of blackbrush 
CSG, negative feedback caused by CTs converts a positive unconditional stimu- 
lus to a negative one, thus protecting goats from future encounters with CSG. 
The conditional stimulus (e.g., odor or sight of a particular food) is the signal the 
animal uses to avoid specific foods that elicit negative feedback. The conditional 
odor stimulus, the unconditional taste stimulus, and the specific compound that 
causes aversive feedback need not be and probably rarely are synonymous be- 
cause several chemical compounds combine to produce a food's characteristic 
flavor. 
CFAs can occur without overt behavioral signs (e.g., emesis, toxicosis, sick- 
ness, illness), and, once the flavor has been presented, a delayed nauseous feed- 
back is effective in producing a CFA even if it is presented while the animal is 
anesthetized (Roll and Smith 1972; Bermudez-Rattoni et al. 1988), while the ani- 
mal is deeply tranquilized and unresponsive to pinches and probes (Forthman 
Quick 1984), or when its electrocortical activity is depressed (J. Davis and Bures 
1972; Buresova and Bures 1973). Consequently, aversions may be manifested in 
the absence of any cognitive association or memory of the feedback event, be- 
cause the critical psychological process is a hedonic shift in the palatability of 
the taste (Garcia 1989). This shift is caused by a stimulation of the emetic system 
of the midbrain and brain stem (Garcia 1989), which can be accessed by many 
means, including but not limited to the cardiovascular system, cerebrospinal fluid, 
visceral afferent nerves, and second-order gustatory afferents that connect with 
the nucleus of the solitary tract (Wang 1965; Borison 1986; C. Davis et al. 1986; 
Grahame-Smith 1986). Feedback mechanisms that operate while an animal sleeps 
are advantageous because digestion and absorption are slow processes and pro- 
longed rest often follows a meal (Bermudez-Rattoni et al. 1988). 
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Receptor systems commonly involved in conditioning are sensitive to the onset, 
rather than the duration, of stimulation. For example, if the eyes, ears, or nose 
do not detect stimulation within a few seconds, they will never detect it no matter 
how long it endures. In fact, receptors become less sensitive to stimulation with 
duration. However, feedback receptors are apparently more sensitive to duration 
and (or) accumulation than to the onset of stimulation, because they are detecting 
thresholds of titers of solutions in body fluids (Borison 1986; C. Davis et al. 1986; 
Grahame-Smith 1986). 
Compounds that are toxic do not necessarily produce CFAs, whereas some 
nontoxic compounds do produce CFAs (Gamzu et al. 1985; Garcia et al. 1985; 
Riley and Tuck 1985; Provenza et al. 1988, 1990). Hence, the fact that a compound 
produces a CFA says very little about the nature of the compound (Gamzu et 
al. 1985). Presumably, any physiological, emotional, or perceptual event or any 
physiochemical agent that causes nausea will establish a CFA, even at doses 
insufficient to produce overt signs of nausea, provided that the event or agent 
affects the emetic system of the midbrain and brain stem (Wang 1965; Garcia 
1989). Drugs such as Nembutal and cyanide do not cause CFAs, apparently 
because they do not affect the emetic system (Garcia et al. 1985). Likewise, 
gallamine, which causes neuromuscular blockage, and naloxone, which blocks 
the action of endogenous opiates on pain, cause rats to form strong place aver- 
sions but only weak CFAs (Lett 1985). Allergies, bloating, and lower-intestinal 
discomfort also do not cause CFAs (Pelchat et al. 1983; Garcia 1989). Conversely, 
drugs such as LiCl, which cause nausea in mammals (Prien et al. 1971), cause 
rats to form strong CFAs but only weak place aversions (Lett 1985). Thus, a 
plant need not be toxic or interfere with digestive processes to avoid being eaten. 
Rather, the plant need only produce a compound that stimulates the emetic sys- 
tem to produce a CFA. 
Goats and Learning 
The fact that purified CTs from blackbrush CSG cause a CFA in goats says 
nothing about whether or not blackbrush tannins have other aversive effects in 
goats. Indeed, given that goats forced to ingest CSG during the winter lose less 
weight than goats that are free to choose either OG or CSG (Provenza and Ma- 
lechek 1984), one could argue that the only adverse effect of CTs on goats is that 
they cause a CFA. However, depolymerization of CTs, particularly procyanidins 
(Hemingway and McGraw 1983), readily occurs under acidic conditions similar 
to those in portions of the digestive tract of most mammalian herbivores (Butler 
et al. 1986; Clausen et al. 1990). Hence, some CTs may be toxic (McLeod 1974; 
Kumar and Singh 1984; Lindroth and Batzli 1984; Mehansho et al. 1985; Butler 
et al. 1986). We do not know whether CTs from blackbrush depolymerize in the 
gut or whether they are toxic. If depolymerization is involved, we predict that 
CT-depolymerization products should be detectable in the blood and urine, as 
opposed to the feces, of goats. Likewise, we should find evidence of CTs interfer- 
ing with the functional activity of one or more organs and increased microsomal 
enzymatic activity in the liver. In addition, hydrolyzable tannins from some plant 
species cause severe necrosis and ulceration of the epithelium of the esophagus, 
stomach, intestines, and proximal renal tubules (Dollahite et al. 1962; Pigeon et 
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al. 1962; Boyd et al. 1965; McLeod 1974; Mitjavila et al. 1977; Sandusky et al. 
1977; Divers et al. 1982; Anderson et al. 1983). Hydrolyzable tannins apparently 
cause injury to mucosal epithelium, endothelium, and renal tubular epithelium by 
binding to tannins (Spier et al. 1987). Although hydrolyzable and condensed tan- 
nins are structurally different, both kinds of tannins are capable of forming strong 
complexes with certain types of proteins (Hagerman and Klucher 1986). The CTs 
in sorghum do not erode the intestinal epithelium (Sell et al. 1985), but we do not 
know how blackbrush CTs affect he gastrointestinal tract. The effect may depend 
on CT structure (Zucker 1983; Clausen et al. 1990) and thus may differ for sor- 
ghum and blackbrush. 
In addition, CTs from blackbrush CSG may reduce protein or dry-matter diges- 
tion, and goats may form aversions to foods like CSG that are low in protein and 
high in CTs. Animals fed a nutrient-deficient diet develop a CFA to the diet over 
days and weeks (Harris et al. 1933; Richter 1943; Rozin 1976). However, the 
rapid decrease in intake of only CSG (fig. 1) and OGPT (fig. 2) is not consistent 
with this hypothesis. A reduction in protein or cell-wall digestion caused by black- 
brush CTs also may decrease intake by decreasing fermentation rates in the 
rumen (Van Soest 1982), given that blackbrush is low in nitrogen and poorly 
digestible (Provenza et al. 1983a). In that case, we would expect a gradual decline 
in the intake of all foods by goats because of a general decline in the rate of 
passage of all plant particles from the rumen (Van Soest 1982). However, the 
rapid reduction in intake of only CSG (fig. 1) and OGPT (fig. 2) by goats is not 
consistent with this hypothesis. Other inconsistencies are that CSG is higher than 
OG in nitrogen (1.04% vs. 0.74%) and more digestible in vitro in goat rumen fluid 
(48% vs. 38%), and that goats forced to consume CSG lose less weight than those 
that consume OG (Provenza et al. 1983a; Provenza and Malechek 1984). Thus, 
the primary effects of blackbrush CTs on the voluntary intake of CSG by goats 
apparently are not related to an inhibition of protein or carbohydrate digestion, 
and our data do not support the general hypothesis that mammalian herbivores 
reject tannin-containing plant parts because they adversely affect forage digestion 
(Rhoades and Cates 1976; Rhoades 1979; Swain 1979; Zucker 1983; Kumar and 
Singh 1984; Cooper and Owen-Smith 1985; Robbins et al. 1987a; Cooper et al. 
1988). Rather, we argue that CTs from blackbrush CSG cause internal malaise 
because they are not bound to protein or cell-wall constituents. 
Twig Age and Learning 
Our results suggest that CTs play a major role in deterring oats from consum- 
ing blackbrush CSG by causing internal malaise. Furthermore, it is apparent that 
blackbrush OG is more palatable to goats than CSG because its CT content results 
in less internal malaise. Hence, blackbrush CSG must contain more CTs than 
OG, and/or CTs in CSG must differ structurally from those in OG. Currently, 
neither of these hypotheses has been tested, although both factors may play a 
role. 
Using the protein-precipitation method of Hagerman and Butler (1978), an ear- 
lier study (Provenza and Malechek 1983) determined that blackbrush CSG con- 
tains 2.4 times the level of CTs in blackbrush OG. However, the amount of CT 
in OG is less than expected because of dilution by growth. We propose that much 
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of the CT present in OG was not detected in these earlier studies because it was 
covalently bound to cell-wall constituents and hence not extracted. Support for 
this hypothesis comes from studies of plant anatomy and physiology. Condensed 
tannins are synthesized in the endoplasmic reticulum and then accumulate in cell 
vacuoles (Chafe and Durzan 1973; Bauer and Walkinshaw 1974; Parham and 
Kaustinen 1977; Mueller and Greenwood 1978; Stafford et al. 1987). The bark of 
woody plants, including blackbrush (F. D. Provenza, unpublished data), contains 
considerably more CTs than the wood (Herrick and Hergert 1976). As bark ages, 
cells outside the periderm die, causing a differentiation between the outer, nonliv- 
ing bark and the inner, living bark (Esau 1977). The CTs in nonliving cells may 
then become localized in cell walls (Shen et al. 1986; Stafford 1988) and bond 
with cell-wall constituents such as pectins and cellulose (Zucker 1983). The for- 
mation of bonds between CTs and cell-wall polysaccharides may explain why a 
high proportion of CTs are insoluble in water and most organic solvents (Shen et 
al. 1986). This hypothesis is consistent with reports that incorporating strong 
tannin-binding substances such as gelatin, polyvinylpyrrolidone, and polyethyl- 
ene glycol into diets can greatly reduce the negative effects of CTs (Barry 1985; 
Mehansho et al. 1985; Blytt et al. 1988) and with evidence that animals protect 
themselves against CTs by producing proline-rich salivary proteins that strongly 
bind with CTs (Mehansho et al. 1983, 1985; Robbins et al 1987b). On the basis 
of this hypothesis, we predict that CTs isolated from blackbrush OG will be as 
deterrent o goats as CTs isolated from blackbrush CSG, because CTs no longer 
bound with plant cell-wall material adversely affect goats. 
In addition, CTs in OG may cause less internal malaise in goats than do CTs 
in CSG, because they are structurally different. Subtle changes in CT structure 
can result in large differences in herbivore preference for foods containing CTs 
(Clausen et al. 1990). The structure of CTs can vary with their location in the 
plant (Karchesy and Hemingway 1980) and the age of the plant part (Porter et al. 
1985). Changes in CT structure may result from abiotic oxidations, epimeri- 
zations, depolymerization or polymerization, or condensations in plant tissues 
(Karchesy and Hemingway 1980). 
The structure of CTs affects the rate and extent of CT depolymerization, which 
in turn may affect the strength of a CFA: the more rapid the rate of CT depolymer- 
ization in an animal's digestive system, the more rapid and aversive the conse- 
quences and the stronger the CFA (Provenza et al. 1990). In an acidic environ- 
ment, the rate of procyanidin depolymerization for CTs containing C4-C8 
interflavane bonds exceeds that for CTs containing C4-C6 bonds (Hemingway 
and McGraw 1983; Hemingway et al. 1983). Similarly, 2,3-cis isomers (epica- 
techin units) typical of blackbrush CSG cleave more readily than 2,3-trans iso- 
mers (catechin units), whereas doubly linked A-2-type procyanidins do not depo- 
lymerize noticeably even under harsh conditions (Jacques and Haslam 1974). 
If this hypothesis is valid, CTs must depolymerize under conditions similar to 
those found in the digestive tract. Certain CTs depolymerize under such condi- 
tions. Procyanidins cleave at 30?C in 0.6 N HCI (Fletcher et al. 1977). Further- 
more, sugar residues from 0-glycosylated procyanidins cannot be cleaved with- 
out also cleaving the interflavane bonds (Porter et al. 1985). Finally, several 
researchers have reported that ingestion of diets high in CTs can result in growth 
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depression (Kratzer et al. 1975), high mortalities (Lindroth and Batzli 1984; Me- 
hansho et al. 1987), deformities (Rostagno et al. 1973; Elkin et al. 1978), and 
increased levels of phenol-detoxifying enzymes (Freeland et al. 1985) that are 
best rationalized in terms of absorption of CT-depolymerization products. Hence, 
it is reasonable to assume that some CTs depolymerize, at least partially, in the 
digestive tract of herbivores such as goats and that both the rate and extent of 
depolymerization as well as the depolymerization products will depend heavily 
on CT structure. 
SUMMARY 
It has been hypothesized that herbivores instinctively avoid tannin-containing 
plant parts in response to the adverse effects of tannins on forage digestion. 
However, we found that goats learned to avoid condensed tannins (CTs) from 
blackbrush current season's growth by associating the flavor of foods containing 
CTs with aversive postingestive consequences. The aversive consequences expe- 
rienced by goats apparently are not related to digestion inhibition and may depend 
on the structure of CTs and on how CTs are bound with other cell constituents. 
These observations suggest several areas of inquiry related to the interaction 
between CTs and herbivores. A better understanding of the physiological effects 
of CTs and how herbivores perceive these effects is essential to our knowledge 
of chemically mediated interactions between plants and mammalian herbivores. 
With few exceptions, the effects of food flavor have not been separated from 
those associated with postingestive consequences, even though our data show 
that postingestive consequences strongly influence palatability. We also need to 
know how herbivores learn which plant species to eat and which to avoid while 
foraging in areas that contain a variety of plant species and parts with different 
kinds and concentrations of CTs. Condensed tannins are pervasive in nature and 
can defend plants from herbivory, but since many important forages contain high 
levels of tannins, the presence or absence of tannins per se does not reliably 
indicate food quality. To predict the ability of a tannin-producing plant to deter 
herbivores requires a full understanding of how changes in CT structure and 
binding affect herbivores. 
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